Additive manufacturing technology promises to revolutionize the way products are manufactured and supplied to the customer. Existing design methods however do not take full advantage of the additive manufacturing processes capabilities. This paper presents a framework to improve the current design approach for additive manufacturing using an axiomatic design approach. The proposed framework is used both for the development of new products and the re-designing of existing products that are designed for conventional manufacturing. A case study is presented for the validation of the framework that highlights how this method can be used for design validation and decision making.
Introduction
Conventional manufacturing processes, such as machining, pose limitations on the component geometries that can be produced. These limitations often result in structures that are inefficient, as many areas of a component have excess material that cannot be removed physically or in a cost effective way through conventional methods. Additive Manufacturing (AM) processes provide the opportunity to address the problem of inefficient structures. They allow components to be manufactured in a bottom-up approach with laying material only where it is required. One of the key advantages of such processes is the fabrication of components and even complete assemblies directly derived from a 3D CAD model without the need for process planning in advance of manufacturing. Various methods that allow the "building" of three-dimensional objects in sequence by adding layers over each other have been developed [1] .
AM technology has a relative short history of about 25 years and it has grown largely since its invention: according to Wohlers Report [2] , the AM projected value for 2015 is $4bn, and will reach $6bn in 2017 and almost $11bn in 2021. However, although it is becoming more and more mature, often claimed as the "next industrial revolution", there are still a number of challenges for the successful commercialisation. AM technology challenges are related to the materials, the available CAD software, the data management, the sustainability, the affordability, the process speed, the process reliability, the intellectual property, and the standards to name few [3] . The design for AM has been also identified as a key challenge, highlighting that for exploiting the capabilities that AM processes offer, the designers have to adapt their approach to the AM technology, not replicating the existing methods and philosophies established for conventional processes.
AM processes can be classified into three different categories depending on the status of the material used to create the part during the process such as powder based, liquid based and solid based ( Figure 1) . A large number of different AM processes have been developed in the short history of AM; few of them though survived over time. Common materials are aluminium, steel alloys, precious metals, plastics used in a powder form and paper; but wood, wax, paper, clay, concrete, sugar and chocolate are possible to be used as filament.
Selective laser sintering (SLS), electron beam melting (EBM), laser powder forming (LPF), binder jetting (BJ) are applicable for metals, for prototype and direct part manufacturing 3 purposes. LPF is applicable for repair of parts and can thus extend the lifetime of a product even further. BJ's ability to produce complex sand casting moulds has the potential of design optimisation, where less material would be used in the mould. Ultrasonic additive manufacturing (UAM) and laminated object manufacturing (LOM) are suitable for metal artefacts, whereas LOM is additionally considered suited for paper and plastic artefacts.
UAM's ability for interchangeable metals during the layering process offers opportunities for the production and repair of metal material of more than one type, such as bimetals where different coefficient of thermal expansion are required. Fused deposition modelling (FDM) with polymer based material and using stereolithography (SL) and digital light processing (DLP) with photopolymer based material are used mainly for prototypes manufacturing. The 3D model of a product is traditionally generated via computer-aided design (CAD).
Material is added layer by layer, derived as thin cross-section from the 3D model. The layer thickness determines the resolution of the manufactured product.
Components optimised to exploit the benefits provided by additive manufacturing techniques can look very different from those designed to suit conventional production methods. It is however challenging for engineers accustomed to designing components for 4 conventional manufacturing to adapt their thinking to exploit the additive manufacturing capabilities.
Design for additive manufacturing
AM technologies allow for the creation of models and products that are intricate in nature and made of composite materials which can be customised. Such processes can be defined as the ones in which physical objects are made through layer by layer selective fusion, polymerisation or sintering of materials, depending on the underline principle of the process [4] . After the design has been finalized, the designer has to follow a number of steps (such as slicing, support generation etc.) that are required for the additive manufacturing of a part; these steps may vary with the technology used. However, with regards to the design frameworks for using AM processes, few studies have been published. Indicatively Rodrigue and Rivette [5] developed a design methodology based on design for assembly notion, borrowing ideas from TRIZ analysis, for the optimization of the alternative designs. Vayre et al. [6] presented a methodology composed of four steps. Podshivalov et al. [7] focused on the design for additive manufacturing in medical applications. Ponche et al. [8] took into consideration the part orientation during building, the functional optimization and the optimization of the manufacturing paths.
Adam and Zimmer [9] documented a number of design rules for additive manufacturing that 5 can be integrated in a design framework. Salonitis and Saeed [10] presented a decision support method for the redesign of existing products using additive manufacturing.
A common characteristic of all the studies reviewed is that the additive manufacturing capabilities are not considered early enough on the design phase. Among the different design theories and methodologies, axiomatic design theory considers and assesses good design ideas even from the concept design phase, and thus looks as a promising approach.
Axiomatic design [11] , [12] was introduced in an attempt to scientifically define the design process. Since its introduction numerous papers have been presented applying the method for the development of new products none though on the design for AM. Recently a thorough literature review was presented indicating that most of the relevant studies are application based using mostly the independence axiom [13] .
The objective of the present paper is to investigate the idea of using axiomatic design method for the conceptual design of a component to be manufactured using additive manufacturing.
Proposed framework
Axiomatic design is based on mapping the customer needs on functions that the object is expected to perform (defined as functional requirements -FRs), then derive design parameters (DPs) indicating how the object can satisfy such FRs and finally describe the process variables (PVs) for the manufacturing of the object. This process is usually implemented through zigzag decomposition having in mind two fundamental design axioms, the independence axiom (each functional requirement should be independent) and the information axiom (select the design alternative with the minimum information content).
The method is ideal for developing new product designs and assessing the designs early in the process. However, the manufacturing process constraints and capabilities are not considered directly during the transition from the functional to the physical domain. The mapping is focused on two adjacent domains in order to interlink "what we want" and "how to achieve what we want" [12] . Axiomatic design thus considers the manufacturing of the component after the design has been defined in the physical domain and it is described in the process domain through the process variables.
Nevertheless, a number of theorems and corollaries that have been presented by Suh [12] consider the manufacturability of a product. For example the third corollary suggests the integration of physical parts, with additive manufacturing providing large capabilities in such design approach. Suh discussed in detail how axiomatic design can be used for assisting manufacturing [14] .
The proposed approach for taking into consideration the manufacturing capabilities and limitations is depicted in Figure 2 . The core of the proposed framework is the axiomatic design decomposition of the design space into domains (shown as ellipses in Figure 2 ), however in order for the manufacturability of the design to be improved from the early design phases, in addition to the theorems and corollaries, information such as manufacturing guidelines need to be fed into the functional and physical domain during the decomposition of these domains.
Figure 2. Axiomatic design framework tailored for the additive manufacturing
Therefore, in order for the manufacturing capabilities to be taken into consideration, the zigzag decomposition should not take place only between two adjacent domains (Figure 3 ), but through the three main domains (functional, physical and process) as can be seen in Improving the manufacturability of the design from such an early stage allows the direct linking of the axiomatic design with the CAD software and subsequently the CAM tool for the planning of the manufacturing, as can be seen in Figure 2 .
Additive Manufacturing Guidelines
As mentioned, the current practice with regards the assessment of the manufacturability of a component takes place after the design phase has been almost finalized. In order however, for these constraints to be considered early in the design process, even at the conceptual phase of the design, a set of rules or guidelines are needed. In order to collect such design guidelines, further to the thorough literature review, questionnaires were used to capture the practitioners' views. The literature review was performed in order to identify such guidelines from academic papers and simultaneously additive manufacturing OEMs were contacted (either by direct personal communication, or through the available information in their websites). However, since the goal was to better understand how these constraints are "interpreted" by the end users, the questionnaire was developed for rapid manufacturing bureaus based on the initial literature review and internet findings in order to assess the use by them. The constraints identified were ranked by the respondents and examples were requested for each of these constraints.
35 rapid manufacturing bureaus with expertise in both metallic and plastic additive manufacturing technology were contacted within the UK, with 22 responds received in a period of three months. The constraints that were collected are applicable to most of the additive manufacturing techniques, and can be grouped into the following design guidelines and limitations:
• Avoidance of enclosed hollow volumes
• Selection of proper clearances.
• Minimum feature size.
• Consideration of surface finish.
• Selection of materials and resulting mechanical properties.
• Consideration of the maximum working volume.
• Building time and cost.
The first three guidelines are specified during the design phase of the component, whereas the remaining ones are function of the specific technology used and the process parameters selection and decisions. Indicatively, enclosed hollow volumes might be desirable for reducing the weight of a component, but in general they will be filled with support material that is difficult to remove after the finishing process. Such problems can be addressed in the design phase by including gates to such areas. With regards the clearances, the standard achievable tolerances for most of the additive manufacturing machines are in the range of ± 0.005" [15] . The surface finish of additive manufactured parts can be controlled through the proper selection of process parameters, part orientation and material selection. Furthermore, as indicated by Klahn et al. [16] , additive manufacturing cannot be considered to replace conventional manufacturing processes, but should be considered when the 9 design goal is to develop products that present either of the following criteria: integrated design, individualization, lightweight design and efficiency.
Case Study
For the validation of the proposed framework, a bracket that traditionally is manufactured through milling of an aluminium alloy 6082-T6 block ( Figure 5) , was selected as a case study.
The bracket is composed of three small recesses on the top surface that are used to position and secure the bracket using three screws. The bracket needs to operate using existing clamping components. It must be also compatible with the interfaces of the existing mounting rail in the bottom of the bracket. The bracket is subject to three orthogonal, nonconcurrent shock loads. The final part needs to be as light as possible and should be easily cleaned.
Figure 5. Case study design for manufacturing using machining

Decomposition
In adopting the axiomatic design methodology, the first step is to define the Functional Requirements (FRs) based on the customer needs. The highest-level functional requirement, which serves as the mission statement is shown as FR0 in Table 1 . The previous paragraph can be considered as the design brief, and thus the design parameter (DP) that will satisfy the functional requirement is considered to be surface topology optimization and can be denoted as DP0. The design that will result from such a design parameter can be manufactured using additive manufacturing and thus this is considered to be the highest level process variable (PV0). Few more decompositions will lead to the DPs and PVs with more specific details, as can be shown in Table 1 . The corresponding DPs and PVs are derived following the extended zigzagging method proposed in the previous section. 
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The decomposition to lower levels is achieved using the zigzagging method. For example the second level of FRs have been identified as the requirement for the bracket to support the operating loads (FR1) and the requirement for the component to be easily cleaned (FR2).
The design parameters that can achieve such requirements, keeping in mind the manufacturing guidelines, were considered to be the strength of the material (DP1) and the surface roughness (DP2). By proper selection of the process parameters (PV1) both strength and surface roughness of the component can be controlled. Additionally, the orientation of the component (PV2) during "building" will affect the surface quality. The functional requirements, the design parameters and the process parameters can be further decomposed; indicatively DP1 could be decomposed into DP1.1 "static loads" and DP1.2 "dynamic loads". However, usually the decomposition is terminated, when a level is reached where the FRs can be fully satisfied by the selected set of DPs, and subsequently such DPs can be fully controlled by the selected PVs. The integrated product and process decomposition diagram can help in visualizing the zigzagging process [17] , and is presented in Figure 7 . 
Independence axiom
Suh [11] , [12] has presented the mathematical background of the axiomatic design. The mapping of the functional requirements to the design parameters (through the hierarchical decomposition and the zigzagging) is described by the following equation:
where {FRs} and {DPs} are the functional requirements and design parameters vectors respectively and [A] is the design matrix. Similarly the mapping between the physical and the process domains is denoted by:
where {PVs} is the process variables vector and [B] the matrix linking the physical and the process domain. Following the wider decomposition proposed in Figure 4 , eqs. (1) and (2) can be combined into the following equation:
where
is the matrix linking the requirements to the process variables.
The independence axiom is assessed by the shape and the content of the matrix. As per Suh's notation, when the matrix is diagonal then the design is considered to be "uncoupled", when triangular then it is classified as "decoupled", otherwise it is characterized as "coupled". An uncoupled design is the ideal whereas the decoupled design is also acceptable when the DPs (and subsequently the PVs) are selected in the correct order. Therefore, in the present approach all three matrices ([A], [B] and [C]) need to be checked, and the various vectors must be optimized in order to achieve at least decoupled solutions. For the proposed solution the three matrices are presented in the following equations, with X indicating strong influence whereas 0 indicates weak influence between the FR and DP:
Eqs. (4) to (6) 
Information axiom: comparison of different solutions
The comparison of the different acceptable solutions that conform to the independence axiom is performed based on the information axiom. The information axiom was defined by
Suh [12] with regards the information content needed for satisfying a given functional requirement. For each functional requirement the information content can be calculated as:
where p i is the probability for achieving the functional requirement FR i . In literature, the probability is given in terms of design range (the tolerances that the designer wishes his design to meet) and the system range (what the system is capable of delivering). In the last few years a number of approaches have been presented where the information is expressed in fuzzy logic terms in order to account for qualitative information [13] .
For the case discussed in the present study, the information content needs to be defined for the two functional requirements. Since the support load is specified through the design specifications, all the alternative designs will be able to support this. Furthermore, we can safely assume that all concepts will meet FR1 (support load), as the same material will be used with the same technology (thus the influencing process variables do not affect this functional requirement). Thus only the "ease to of cleaning" will be considered here. High values of surface roughness can result in accumulation of dust and dirt, thus surface roughness needs to be minimized with a maximum allowable value. Process models can be employed for this reason to quantitatively describe the capability of the process. Where D p is the depth of penetration, P L is the nominal laser power, W 0 is the laser beam spot diameter, V S is the laser scanning speed, E C is the critical exposure time, OC is the overcure and θ is the inclination angle. Based on: [18] , [19] [ 20] via a genetic algorithm model in order to determine the optimal process parameters (which include layer thickness, hatch spacing and hatch overcure) that would yield the minimum part build error. Chryssolouris et al. [25] has estimated the average surface roughness of SLA-produced parts as a function of the layer thickness and the angle of the inclined surface (Fig. 10) . Modelling was based on simplistic trigonometry assumptions, while the surface roughness could be calculated according to the following equation:
where: An analytical model presented from Reeves and Cobb in [20] for SLA surface roughness that took into consideration the layer profile as well whether the plane was up-facing or downfacing was also used in the present study and presented in figure 9 .a. Similar trends can be observed between the two models.
Similar models can be derived for other additive processes as well (indicatively fused deposition modelling has been modelled in [21] and [22] , Selective Laser Melting in [23] Considering uniform probability functions, as shown in Figure 9 .b, the information content of each approach can be related to the amount of inclined features in the selected design, with the designs having more inclined surfaces to present higher information content. The design that exhibited the minimum information content was selected ( Figure 10 ). 
Conclusions
Design for additive manufacturing is limited by the use of methods and approaches developed for conventional manufacturing. In the present work, the axiomatic design theory was adapted and zigzagging decomposition was expanded to take into consideration the manufacturing limitations and capabilities from the early phases of design. For this reason manufacturing guidelines and constraints were captured from additive manufacturing practitioners. The method was validated for the case of additive manufacturing of a component. The axiomatic design was combined with surface topology optimization for the high level decomposition and was presented in the present paper for the first time. Based on such a combined approach, designers can take advantage of the processes capabilities in order to design complex designs by using unexplored regions of the design space and assess their creativity using the two axiomatic design theorems.
